Summary: The development of the human gracilis nucleus was studied on serial sections of the brain of 9 fetuses and neonates at 18-40 weeks of gestation, a two-month-old infant and a 63-year-old adult using a microscope with a drawing tube and an image-analyzing computer system. A morphometric evaluation revealed that the human gracilis nucleus, whose neurons were distinguished from glia from 18 weeks of gestation onward, showed a gradual development in terms of the columnar volume, neuronal size and number, and revealed two kinds of phenomenon: a normal process which occur in the development of the fetus, viz. natural cell death (also called apoptosis), and a phenomenon due to yet unknown causes regarding a discrepancy between the number of neurons and the neuropil index.
With the advances of obstetric medicine, it is necessary to have a precise knowledge of the development of the fetus brain. Developmental studies have been performed for many years on embryos (Jenkins, 1921; Dunn, 1926; Windle, 1970) as well as volumetric studies on fetus and adult brains (Dobbing et al., 1973; Yamaguchi et al., 1984; Koop et aL, 1986; Kretschmann et al. , 1986) . Recently, morphometric studies on brain development have been performed in animals (Larsen et al., 1984) with the use of an electronic planimeter, whereas studies on the human brainstem nuclei, putamen and cerebellum were conducted using the serial brain-section approach (Schroder et al., 1975; Goto et al., 1988; . There have, however, been few reports of morphometric studies on the medulla oblongata in the fetus. In this study, we examined the gracilis nucleus (GN) of human brains and evaluated its development even though we had access to only a limited quantity of research material by means of morphometric and cytoarchitechtonic approaches.
Material and Methods
In this study we used eleven human brains: nine were from fetuses of between 18 and 40 weeks of gestation (WG); the remaining two were from a two-month-old infant (2 M) and a 63-year-old adult (63 Y). Four of the fetuses were from spontaneous abortions resulting from cervical incompetence (18, 21, 23 and 27 WG) . Of the fetuses obtained at 30, 32, 34, 35 and 40 WG, one died of Potter syndrome (30 WG), two of unknown pathology (32 and 34 WG), and one each of erythroblastosis foetalis (35 WG) and massive aspiration (40 WG). The two-month-old infant died of pneumonia, and the 63-year-old adult of acute cardiac failure. In all cases no pathological changes (e.g. congenital brain anomalies, brain injuries or cerebral hemorrhages) could be found on macroscopic observation of the brain autopsy.
The fetal age was estimated from the maternal last menstrual period, because physical information on fetuses (e.g. body weight, crown-rump length . sex) or information regarding the true conceptional days were considered to be insufficient to determine their accurate ages in some cases . After fixation by immersion in a solution of 3.7% formaldehyde for a minimal of 7 days, the whole brains of fetuses, and the brainstem and cerebellum of the infant and adult, were transferred to a secondary fixative consisting of 5% potassium dichromate and 5% potassium chromate (1 :4 in volume), which was changed several times over a period of 3 weeks (for the first 2 weeks at room temperature, and for the last week at 37 °C). After thorough washing in water using a pipette-washer with siphon mechanism and dehydration with alcohol, the brains were embedded in celloidin en bloc. The celloidin blocks of the fetal brains were cut at 30 gm thickness to make serial transverse sections: those of the 2 M and 63 Y brains were cut at a thickness of 40 gm. All sections were numbered with India ink. Every tenth section was stained by the Luxol fast blue-PAS-hematoxylin method (Goto et al., 1987) . During processing each section showed an approximate 10% shrinkage in length in the threedimensional space formed by the dorsal-ventral, medial-lateral and oral-caudal axes .
The cytoarchitectonic development of the human GN was evaluated using both of qualitative and quantitative variables. The oro-caudal length of the GN was determined from the numbers of sections, which contained identifiable gracilis neurons.
For the measurement and analysis of the quantitative variables for the columnar transverse area, neuronal numbers, cell-body perimeters and cellbody areas of the GN, we adopted a combination of a microscope, drawing tube (or camera Lucida), optical electronic tablet (Digitizer KC3300, Graphtee Co., Japan) and computer (PC-9821V13, NEC, Japan). The computer recorded on-line their sizes and numbers for the calculation and statistical analysis. The criterion for selection of neurons was that the nucleus must contain a distinct nucleolus, with a diameter of about 1 gm (Abercrombie et al., 1946) . The possibility of split nucleoli (Konigsmark et al., 1970 ) is considered to be extremely rare because of the thickness of sections and small size of nucleoli. Enlarged images (35 times and 175 times) of transverse sections of the GN were traced with a piloting cursor connected to an optical fiber to measure the transverse area of the nucleus, and the area and perimeter of the neurons, and to count the numbers of neurons in both the right and left nuclear columns, in the sampling area of each tenth serial section. The sampling area covered 15,625 gm2. The total number of neurons was esti-, mated by multiplying the average number of neurons per section by the total number of sections. Columnar volumes were calculated from the columnar length and the mean columnar area. This calculation method is considered to be equivalent to an estimation from sampling periodicity. The accuracy of the instrument system was 0.1 mm + 1/2 digit for coordinates (the accidental error was less than 1% in area). There are several methods for sampling a neuronal population and neuronal area. We used the systemic sampling method, with random starting point, i.e. a quasi-random sampling method instead of a fully random sampling method. We measured neuronal areas in the GN in each case. To understand the development of the human brain, it is necessary to perform a qualitative and quantitative evaluation through a microscope, comparing the maturity of various structures of the central nervous system among different individuals. For the maturity analysis of gracilis neurons, circularity ratios (CR) were calculated. These indicate how each irregularity is nearer to or farther from a regular round figure. For quantitative comparison of round figures we calculated the circularity ratios of neurons using the following formula: 4 rrA/L2 (A = area in mm2; L = perimeter in mm). If the circle is regular, the ratio has a maximum value 1.0; if it is irregular, the value is less than 1.0. For maturity analysis of the GN, we also evaluated the maturation of neuropils, defined as the tissue around each neuron including the axons, myelin sheaths, dendrites, glial cell bodies and their processes, vessels and connective tissue. The neuropil index was calculated as follows: neuropil index = (total columnar area -total neuronal area) x 10n/number of neurons.
Areas are in mm2; "n" can be a variable, but should be fixed at 3 to compare different structures (Nara et 
Results
The GN is located near the posterior surface of the inferior part of the medulla oblongata. It serves as a relay nucleus for sensory nerves, ascending from the spinal nerve endings to the thalamus via the posterior funiculus of the spinal cord, and plays an important role in deep sensation of the lower part of the body. In the fetuses and the premature neonates, neurons of the GN are spindle-shaped, more densely packed, and larger than in other nuclei. Neurons can be measured from 18 WG, because before then, it is impossible to distinguish between neurons and glia, as they are bare nuclei (consisting of only a cell-nucleus) without cytoplasma.
Nuclear Column Lengths and Volumes
The oro-caudal lengths and volumes of the right and left GN in 11 cases are shown in Fig. 1 . The columnar length of the fetuses and neonates ranged from 6.75 to 6.8 mm, and that of the adult was 15.4 mm. The columnar volumes of them ranged from 1.27 mm3 to 5.79 mm3, that of the adult was 28.29 mm3. There is no changes in the columnar length of the GN during fetal development, although the volume did increase slightly with age. And as for the adult, both the length and volume were obviously larger than those of the fetuses, neonates and infant.
Development of the Cytoarchitecture
Cytoarchitectonic development of the GN was examined with regard to the number and characteristics of Nissl bodies, the morphogenesis of their processes and the cell arrangement (Fig. 2) . In the 16 WG brain, few neurons could be distinguished from glia, because of their having scanty somata and no nucleoli. The Nissl bodies in the neurons were scarce at 18, 21 and 23 WG; slightly more apparent between 27 and 32 WG; but increased in quantity between 34 and 40 WG. They were prominent in the neonates and adult. Neuronal processes were immature at 18 to 23 WG, but became longer and more developed after 27 WG.
The circularity ratios of neurons gradually decreased as the gestational age of the fetuses increased (Fig. 3) . The ratio was markedly decreased in the adult, i.e. statistically the ratio of the adult was smaller than those of the fetuses, neonates and infant (p < 0.001). This indicated that the configuration of neuronal somata did not conform to a regular circle and that this morphology might correspond to various shapes: multipolar, fusiform, and triangular.
Neuronal Numbers
All the neurons contained a nucleolus and could be clearly distinguished from glia in our specimens after 18 WG. The number of gracilis neurons was similar in the right and left columns in each case. Any differences between them were found to be insignificant by the paired t test. The average numbers of the neurons in the right and left columns are shown in Fig. 4. At 18, 21, 23 , 27, 30 and 32 WG, the gracilis neurons were counted being numbered at 820; 780; 1,125; 1,326; 1,050 and 1,246, respec- tively. The number of neurons increased from 34 WG to the adult, ranging from 2,519 to 8,690.
Neuronal Areas and Perimeters
The average neuronal areas of the GN (both right and left sides) for all cases are shown in Fig. 5 . The neuronal areas become larger with gestational and postnatal age, ranging from 116.18 i..tm2 to 346.53 gm2. The mean values of the neuronal area are significantly lower at 18 WG and higher at 63 Y. As shown in Fig. 6 , the average perimeters of neurons in GN were ranged from 42.46 to 67.80 vm in the fetus and neonate, and that of the adult was 87.15 pm. This indicates an apparent tendency to increase with age.
The distribution of neuronal cell-body areas of the GN is shown in Fig. 7 . There is no difference between the right and the left columns. At 18 WG the peak of neuronal areas was from 100 p,m2. After 30 WG the peak reached 200 ptm2 and the neuronal areas became more widely distributed with the progress of gestational ages, ranging from 50 to 300 pm2. The distribution of the neuronal areas was wider in the fetus older than 35 WG and the adult than in the other fetuses and neonates, ranging from 50 to 1,100 p.m2. We can therefore distinguish three stages in the development of the neural area of the GN: in the first stage, from 18 WG to 27 WG, the area peak at around 100 im2; in the second stage, from 30 WG to 35 Wg, the peak move to 200 pm2; finally, in the third stage, from 40 WG to adult, the peak is now at 300 pm2.
Development of the Neuropils Development of the neuropils around the gracilis neurons was analyzed utilizing the neuropil index for each section (Fig. 8) . The indices showed at least two phases: an increase, with a peak at 27 WG, followed by a decrease. The indices were very high in the adult.
Discussion
The GN plays a very important role in conducting deep sensations from the lower half of body. Recently, many researchers have become interested in this field because of the existence of cytochome oxidase activity (Tai et al., 1995) . Thus, some studies of the GN and its development have reported from the biochemical view point (Wang et al., 1997; Qin et al., 1993; Farmer et al., 1989; Martin et aL, 1983; Ganchrow et al., 1981) . However, little is known of its morphometric features, especially in human beings. In this study, we carried out a morphometric developmental analysis of the human GN.
The quantitative analysis revealed no changes in the columnar length of the GN during fetal development, although the volume did increase slightly with age (with the large increase in the adult). As for the average neuronal perimeter and area, then increased with age from 18 WG to the adult, whereas the average number of neurons increased only after 32 WG. As described above, there are clearly three different stages in the development of neurons in the GN from fetus to adult. In all sections, qualitative analyses showed that the Nissl bodies increased in number and neuronal processes became longer and more mature after 34 WG. This observation suggests that development may accelerate from the 34 WG.
During development, neurons may change in shape according to the formation of cell processes. In general, neurons are spherical while they are immature and later become concave. If they are multipolar neurons, the shape may change with the maturation of proximal processes. The present study showed that the CR of GN in each case decreased from 0.807 at 18 WG to 0.573 in the adult. The neuropil index increased until 27 WG, which indicates that a greater number of nerve fibers must have come into contact with the GN neurons during this period and intervention by connective tissue and blood vessels may also have occurred during this period. However, the neuropil index starts falling before 27 WG and continues to do so until 2 M, whereas the average number of neurons starts increasing from 34 WG and continues to do so until adult age. Although the decrease in the neuropil index is a common phenomenon known as natural cell death, or apoptosis we still have a discrepancy between the numbers of neurons and the neuropil indices between 35 WG and 2 M. No explanation for this can be given at this stage. But in the adult, the apparent increase of the neuropil index suggests an increase in the amount of glial components and intervention by connective tissue and blood vessels. In order to bring the discrepancy mentioned above to light, it will be necessary to study older fetuses, neonates and infants. This study of the development of the GN revealed two kinds of phenomenon: a normal process which occur in the development of the fetus, viz. natural cell death (also called apoptosis), and a phenomenon due to yet unknown causes regarding a discrepancy between the number of neurons and the neuropil index. Further study is necessary to find an explanation for this phenomenon. As has been mentioned in the studies (Goto, 1987) , the use of the celloidin (or nitrocellose) embedding method with secondary chromic acid fixation is particularly studied for morphometric studies and should be used in the future. 
